A coupled elastoplastic constitutive model is presented for describing the hydraulic and mechanical behavior of unsaturated soils. The model is capable of considering the influence of irreversible changes in water saturation on the mechanical behavior and plastic deformation on hydraulic behavior. The mechanical and hydraulic behaviors are captured using the subloading surface and bounding surface plasticity frameworks, respectively. The coupling between hydraulic and mechanical behaviors is established using intergranular stress concept in addition to appropriate coupled hardening rules. Attention is also given to the movement of soil water characteristic curve due to the plastic deformation. Model predictions for some unsaturated soil samples are compared with experimental data, and reasonable agreement is achieved.
Introduction
Constitutive modeling of hydraulic and mechanical behavior of unsaturated soils is a subject of great interest in geotechnical engineering practice. The influence of degree of saturation on mechanical behavior and the influence of volumetric strain on hydraulic behavior are now demonstrated with experiments (e.g. [1] ). The description of the hydro-mechanical behavior of unsaturated soils with the identification of the experienced by the soil, and the coupling effects on the reverse direction, as well as the variation of the water volume fraction due to mechanical loading or unloading. However, these two models are restricted to isotropic stress states.
Liu and Muraleetharan [25, 26] extended Muraleetharan et al.'s model [23] for general stress states. The model could successfully capture the mechanical behavior of unsaturated soil under complex mechanical loading conditions. However, assuming fixed wetting and drying bounding curves in suction-volumetric water content space, the model can't successfully simulate the effects of plastic deformation on the hydraulic behavior of the samples involving a reduction of suction as a result of plastic compression.
Moreover, the model is restricted to unsaturated silts and sands.
The main objective of this paper is to present a comprehensive, fully coupled hydro-mechanical elastoplastic constitutive model for a wide range of unsaturated soils from silts to collapsible and highly expansive clays. The work is an extension of the model proposed by Ghasemzadeh and Ghoreishian Amiri [24] , covering anisotropic loading conditions. The method of calibration is also described and the capability of the model for capturing the coupled hydro-mechanical behavior of unsaturated soils are verified using many laboratory test results.
Note that throughout this paper, compressive stress and strain are assumed to be positive.
Hydro-mechanical elastoplastic framework
It is assumed that the water volume fraction and strain increments ( w dn and dε ) are additively decomposed into elastic and plastic parts: The selection of appropriate stress and strain variables is an essential step for developing constitutive models for unsaturated soils. As thermodynamically demonstrated by Wei [27] and successfully used by other researchers [23] [24] [25] [26] 
where I is the unit tensor, and net σ is the net stress tensor. In equation (4), the intergranular stress tensor should cover the Terzaghi's effective stress in fully saturated condition. It means that a switch is required between the saturated and unsaturated states. However, since the value of suction at the moment of transition between saturated and unsaturated conditions is equal to zero, the effective stress and intergranular stress will not be affected by the value of  , and thus, the transition between saturated and unsaturated states can be performed without any problem [23] .
Based on the work presented by Ghasemzadeh and Ghoreishian Amiri [24] , the process of slippage, widening and closing between granular medium particles is simulated by introducing a Loading Collapse (LC) normal yield surface (as later defined) within the framework of subloading surface plasticity [28, 29] .
However, the bounding surface plasticity framework [30, 31] is employed to capturing the Soil Water Characteristic Curves (SWCCs) which is associated with Suction Decreased (SD) and Suction Increased (SI) bounding surfaces (as later defined). The superiority of employing the subloading and bounding surface frameworks in contrast with the traditional plasticity frameworks is completely discussed by Ghasemzadeh and Ghoreishian Amiri [24] . Figure 1 shows the forms and evolutions of SI, SD bounding and LC normal yield curves in isotropic stress space. It is worth noting that according to the argument discussed by Wheeler et al. [7] , the shapes of SI and SD bounding and LC normal yield curves, in the isotropic stress space, are assumed straight lines. Figure 2 shows the LC normal yield and subloading surfaces in * p q  plane. The complete view of SI and SD bounding and LC normal yield surfaces for a triaxial stress state are shown in figure 3.
Model formulation
As mentioned earlier, the subloading surface and bounding surface plasticity frameworks are employed to describe the mechanical and hydraulic behaviors, respectively. Full coupling of the hydraulic and mechanical behaviors is achieved by introducing appropriate coupled hardening rules.
Bounding surfaces
The normal yield surface and bounding surfaces are described by the following functions: (9) and (10), will be reached only when the value of suction equals zero. It means that the saturation state of the soil corresponding to the values of suction lower than air entry value is not considered in these equations.
Coupled hardening rules
As mentioned in the previous section, the position of the LC normal yield surface is controlled by the function F . Therefore, the movement of this surface can be formulated by differentiating equation (8):
where, the coupled evolution rule of the isotropic hardening variable, H , could be introduced as:
Following the argument discussed by Ghasemzadeh and Ghoreishian Amiri [24] , the plastic part of compression and expansion causes the primary wetting and secondary drying curves to move right and left in the w s n  plane. The possible movement of these curves due to plastic compression is schematically shown in Figure 5 . This could be captured by the following hardening rules [24] :
where 1  and 2  are two material parameters which control the movement of primary wetting and secondary drying curves due to plastic volumetric strain [24] . It is worth noting that the initial values of (9) and (10):
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s due to elastic deformation is neglected.
Elastoplastic calculations
The elastic evolution of the mechanical strain and the water volume fraction are described as follows: 
where n is the porosity,  is the Poisson's ratio and K has been previously defined in equation (8).
As mentioned earlier, in this model the plastic deformation is calculated within the subloading surface elastoplasticity framework. It should be mentioned that the LC normal yield surface is the renamed form of the conventional LC yield surface, while its interior is not regarded as a purely elastic domain. Indeed, in this framework, in addition to the LC normal yield surface, we need to introduce the subloading surface.
The subloading surface is defined as a surface which always passes through the current stress point, while keeping a similar shape to the LC normal yield surface with respect to the origin of the stress space:
where R is the similarity ratio of the subloading surface to the LC normal yield surface. This ratio is called the normal yield ratio. Differentiating equation (22) results in:
The evolution of the normal yield ratio could be described as [29] :
for 0
where U is a monotonically decreasing function of R that should satisfy the following conditions:
These conditions are required to guarantee that the subloading surface approaches the normal yield surface during a loading process. The equation satisfying conditions (25) is described by Hashigushi et al. [29] :
where u is a material parameter. Substituting equations (12) and (24) into equation (23), one obtains: (27) Assuming the associated flow rule:
where  is the positive proportionality factor, and the vector N is the unit normal vector of the subloading surface at the current stress point:
Substituting equation (28) into equation (27) leads to:
. .
The plastic strain increment can now be calculated from equations (28) and (30):
Equation (36) reveals that the plastic strain increment consists of two parts: the mechanical part (
, which is the result of the integranular stress increment, and the hydraulic part (
which comes from the variation of the irrecoverable part of water volume fraction. Consequently, the plastic strain components can be decomposed as: Based on the loading criterion proposed by Hashiguchi et al. [29] , the loading criterion in the proposed model is given by:
According to Ghasemzadeh and Ghoreishian Amiri [24] , the plastic part of the water volume fraction can be calculated as:
where p  is the plastic capillary modulus which can be calculated in the bounding surface plasticity framework [30, 31] : 
Comparison with experiments
The ability of the model in simulating the hydro-mechanical behavior of unsaturated Pearl clay and a bentonite-kaolin mixture under isotropic loading conditions was presented in [24] . In this paper, to examine the ability of the extended version of the model against anisotropic loading conditions, experimental results using Pearl clay [34] , compacted speswhite kaolin [35, 36] and Bourke silt [37] are compared with model predictions.
Pearl clay behaves like collapsible soils which consist of weak materials. This kind of soil compacts and collapses under the excessive loading or addition of water. On the other hand, compacted speswhite kaolin and bentonite-kaolin mixtures behave as moderately and highly expansive soils, respectively.
Determination of material parameters
In the proposed model, seven stress-strain parameters ( 0 determined by conducting a curve-fitting procedure on primary wetting and secondary drying curves using equations (9) and (10) The coupling parameters 1  and 2  can be found using the variation of the primary wetting and secondary drying curves of the soil after a cycle of isotropic loading-unloading. After this cycle, some plastic deformation will remain in the sample. Considering the value of the remained plastic strain and the variation of sat w n and res w n after this loading-unloading cycle, 1  and 2  can be found using equations (13) and (14) . It is worth noting that since equations (13) and (14) describe nonlinear relations between hydraulic behavior and plastic strain variation, a trial-and-error procedure by simulating the abovementioned test is highly recommended.
Pearl clay
Sun et al. [34] reported the results of some triaxial and isotropic loading tests on samples of Pearl clay with 50% silt and 50% clay. The samples, which was prepared and used for the tests, 
Concluding remarks
In this paper an elastoplastic constitutive model based on the two stress state variables approach is presented to describe the coupled hydro-mechanical behavior of unsaturated soils. The employed stress variables are intergranular stress and matric suction, which are conjugated with the conventional strain increment and the increment of the water volume fraction, respectively.
In the proposed model, subloading surface and bounding surface plasticity frameworks are employed to describe the mechanical and hydraulic behavior, respectively. Since there are no purely elastic domains in the selected frameworks, the proposed model fulfills the smoothness condition, and thus, the smooth elasticplastic transition is described.
The proposed model provides a realistic representation of hydraulic and mechanical behavior, which is an essential requirement for numerical modeling of coupled hydro-mechanical problems. It is applied to predict the hydro-mechanical behavior of Pearl clay, speswhite kaolin and Bourke silt and thus, the ability of model has been verified.
It should be noted that, the proposed model is able to simulate the behavior of a soil sample in saturated and unsaturated conditions with a single set of material parameters. Moreover, the behavior of soils with a wide range from silts to collapsible and highly expansive clays could be simulated with unified constitutive equations. 
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